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ABSTRACT 
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J . D .  Holdeman 
N a t i o n a l  A e r o n a u t i c s  and  Space A d m i n i s t r a t i o n  
L e w i s  Research  C e n t e r  
C l e v e l a n d ,  O h i o  44135 
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A l l i s o n  Gas T u r b i n e  D i v i s i o n  
G e n e r a l  M o t o r s  C o r p o r a t i o n  
I n d i a n a p o l i s ,  I n d i a n a  
E.J. M u l a r z  
P r o p u l s i o n  D i r e c t o r a t e  
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C l e v e l a n d ,  O h i o  44135 
The gas  t u r b i n e  c o m b u s t i o n  s y s t e m  d e s i g n  and  
d e v e l o p m e n t  e f f o r t  i s  a n  e n g i n e e r i n g  e x e r c i s e  t o  o b t a i n  
a n  a c c e p t a b l e  s o l u t i o n  t o  t h e  c o n f l i c t i n g  d e s i g n  t r a d e -  
o f f s  be tween :  c o m b u s t i o n  e f f i c i e n c y ,  gaseous emis -  
s i o n s ,  smoke, i g n i t i o n ,  r e s t a r t ,  l e a n  b l o w o u t ,  b u r n e r  
e x i t  t e m p e r a t u r e  q u a l i t y ,  s t r u c t u r a l  d u r a b i l i t y ,  and 
l i f e  c y c l e  c o s t .  F o r  many y e a r s ,  t h e s e  combus to r  
d e s i g n  t r a d e - o f f s  have  been  c a r r i e d  o u t  w i t h  t h e  h e l p  
o f  f u n d a m e n t a l  r e a s o n i n g  and  e x t e n s i v e  component  and  
bench t e s t i n g ,  backed  b y  e m p i r i c a l  and e x p e r i e n c e  
c o r r e  1 a t  i o n s  . 
R e c e n t  advances  i n  t h e  c a p a b i l i t y  o f  c o m p u t a t i o n a l  
f l u i d  dynamics  ( C F D )  codes  have  l e d  t o  t h e i r  a p p l i c a -  
t i o n  t o  comp lex  t h r e e - d i m e n s i o n a l  f l o w s  such  as  t h o s e  
i n  t h e  gas  t u r b i n e  c o m b u s t o r .  A number o f  U . S .  Govern-  
men t  and  i n d u s t r y  s p o n s o r e d  p rog rams  have  made s i g n i f i -  
c a n t  c o n t r i b u t i o n s  t o  t h e  f o r m u l a t i o n ,  d e v e l o p m e n t ,  
and v e r i f i c a t i o n  of n a n a l y t i c a l  combus to r  d e s i g n  
m e t h o d o l o g y  w h i c h  w i  1 b e t t e r  d e f i n e  t h e  a e r o t h e r m a l  
l o a d s  i n  a c o m b u s t o r  and  be a v a l u a b l e  too l  for  d e s i g n  
of f u t u r e  c o m b u s t i o n  sys tems .  The c o n t r i b u t i o n s  made 
b y  NASA H o t  S e c t i o n  e c h n o l o g y  (HOST) s p o n s o r e d  Aero-  
t h e r m a l  M o d e l i n g  and s u p p o r t i n g  p rog rams  a r e  d e s c r i b e d  
i n  t h i s  p a p e r .  
INTRODUCTION 
The g o a l  o f  gas  t u r b i n e  c o m b u s t i o n  s y s t e m  d e s i g n  
and d e v e l o p m e n t  i s  t o  o b t a i n  a n  a c c e p t a b l e  s o l u t i o n  t o  
e f f i c i e n c y ,  gaseous e m i s s i o n s ,  smoke, i g n i t i o n ,  
r e s t a r t ,  l e a n  b l o w o u t ,  b u r n e r  e x i t  t e m p e r a t u r e  q u a l i t y ,  
s t r u c t u r a l  d u r a b i l i t y ,  and l i f e  c y c l e  c o s t .  F o r  many 
y e a r s ,  t h e s e  c o m b u s t o r  d e s i g n  t r a d e - o f f s  have  been c a r -  
r i e d  out w i t h  t h e  h e l p  o f  f u n d a m e n t a l  r e a s o n i n g  and  
e x t e n s i v e  component  a n d  bench  t e s t i n g ,  backed  b y  e m p i r -  
i c a l  and  e x p e r i e n c e  c o r r e l a t i o n s .  The u l t i m a t e  g o a l  
has  been t o  d e v e l o p  a r e l i a b l e  combus to r  d e s i g n  s y s t e m  
t h a t  can  p r o v i d e  q u a n t i t a t i v e l y  a c c u r a t e  p r e d i c t i o n s  
o f  t h e  comp lex  c o m b u s t i o n  f low f i e l d  c h a r a c t e r i s t i c s  
( F i g .  1 )  so t h a t  a n  o p t i m u m  c o m b u s t i o n  s y s t e m  d e s i g n  
can  b e  a c h i e v e d  w i t h i n  r e a s o n a b l e  c o s t  and  s c h e d u l e  
c o n s t r a i n t s .  
4 
t h e  c o n f l i c t i n g  d e s i g n  t r a d e - o f f s  be tween  c o m b u s t i o n  
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E m p i r i c a l l y  based p r o c e d u r e s  have  l e d  t o  success -  
f u l  e v o l u t i o n a r y  combus to r  i m p r o v e m e n t s .  However ,  as 
t h e s e  methods  a r e  e x p e r i e n c e - b a s e d ,  t h e y  a r e  n o t  w e l l  
s u i t e d  when combus to r  d e s i g n  r e q u i r e m e n t  a r e  s i g n i f -  
i c a n t l y  d i f f e r e n t  from t h a t  o f  c u r r e n t  t e c h n o l o g y  
e n g i n e s .  The r a p i d l y  d e v e l o p i n g  CFD ( C o m p u t a t i o n a l  
F l u i d  Dynamics )  c a p a b i l i t y  i s  p r o v i d i n g  a n  a d d i t i o n a l  
too l  i n  t h e  d e s i g n  p r o c e s s  w h i c h  can have  a p o w e r f u l  
p o s i t i v e  i n f l u e n c e  o n  f u t u r e  d e s i g n  c a p a b i l i t y .  I n  
t h e s e  codes ,  c o m b u s t i o n  s y s t e m  subcomponents  i n c l u d i n g  
d i f f u s e r s ,  f u e l  i n j e c t o r s ,  and combus to r  l i n e r s ,  i n  
a d d i t i o n  t o  t h e  complex  i n t e r n a l  f l ow ,  need t o  be accu -  
r a t e l y  m o d e l l e d .  To a c h i e v e  t h i s ,  p h y s i c a l  sub-mode ls  
and a c c u r a t e  n u m e r i c a l  schemes mus t  be d e v e l o p e d  t o  
d e s c r i b e  t h e  v a r i o u s  a e r o t h e r m o c h e m i c a l  p r o c e s s e s  
o c c u r r i n g  w i t h i n  t h e  c o m b u s t i o n  chamber .  
p rog rams  have  made s i g n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  
f o r m u l a t i o n ,  d e v e l o p m e n t ,  and v e r i f i c a t i o n  o f  a n  
a n a l y t i c a l  combus to r  d e s i g n  m e t h o d o l o g y .  These have  
i n c l u d e d :  U.S. A r m y  Combustor  D e s i g n  C r i t e r i a  V a l i d a -  
t i o n  ( B r u c e  e t  a l . ,  1979;  Mong ia  e t  a l . ,  1979,  Mong ia  
and R e y n o l d s ,  1979) ,  NASA S w i r l i n g  R e c i r c u l a t i n g  F l o w  
( S r i n i v a s a n  and  Mong ia ,  1 9 8 0 ) ,  NASA S o o t  and  NOx E m i s -  
s i o n s  P r e d i c t i o n  ( S r i v a t s a ,  1 9 8 0 ) ,  NASA P r i m a r y  Zone 
S t u d y  ( S u l l i v a n  e t  a l . ,  1 9 8 3 ) ,  NASA Mass and Momentum 
T r a n s f e r  ( J o h n s o n  and B e n n e t t ,  1981;  Roback and 
Johnson,  1983;  Johnson  e t  a l . ,  1 9 8 4 ) ,  NASA L a t e r a l  J e t  
I n j e c t i o n  ( L i l l e y ,  1986;  F e r r e l l  and  L i l l e y ,  1985;  
McMurray  and L i l l e y ,  1986;  Ong and L i l l e y ,  1 9 8 6 ) ,  NASA 
D i l u t i o n  J e t  M i x i n g  ( S r i n i v a s a n  e t  a l . ,  1982,  1984,  
1985;  S r i n i v a s a n  and W h i t e ,  1986;  Holdeman e t  a l . ,  
1984;  Holdeman and S r i n i v a s a n ,  1986;  Holdeman e t  a l . ,  
1987a) ,  NASA T r a n s i t i o n  M i x i n g  S t u d y  ( R e y n o l d s  and  
W h i t e ,  1986;  Holdeman e t  a l . ,  1987b) ,  NASA HOST Aero -  
t h e r m a l  M o d e l i n g  ( K e n w o r t h y  e t  a l . ,  1983; S t u r g e s s ,  
1983;  S r i n i v a s a n  e t  a l . ,  1983a.  1983b) ,  NASA Error 
R e d u c t i o n  (Syed  e t  a l . ,  1 9 8 5 ) ,  i n d u s t r y  I R  & D p r o -  
g rams,  and advanced  combus to r  d e v e l o p m e n t  p r o g r a m s .  
The NASA Hot S e c t i o n  T e c h n o l o g y  (HOST) Combus t ion  
P rog ram has  s u p p o r t e d  s e v e r a l  o f  t h e s e  p r o g r a m s .  The 
o v e r a l l  o b j e c t i v e  o f  t h e  HOST Combus t ion  P r o j e c t  i s  t o  
d e v e l o p  and  v e r i f y  advanced a n a l y t i c a l  me thods  t o  
i m p r o v e  t h e  c a p a b i l i t y  t o  d e s i g n  c o m b u s t i o n  sys tems  
A number o f  U.S. Government  and company s p o n s o r e d  
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f o r  advanced a i r c r a f t  gas t u r b i n e  e n g i n e s .  T h i s  o b j e c -  
t i v e  i s  b e i n g  a p p r o a c h e d  b o t h  c o m p u t a t i o n a l l y  and 
e x p e r i m e n t a l l y .  
a s s e s s  and e v a l u a t e  t h e  c a p a b i l i t i e s  o f  e x i s t i n g  
a e r o t h e r m a l  mode ls  ( c i r c a  1 9 8 2 ) .  Based on  t h e  r e s u l t s  
o f  t h e s e  assessmen ts  and o t h e r  s t u d i e s  i n  t h e  l i t e r -  
a t u r e ,  HOST s u p p o r t e d  s e v e r a l  s t u d i e s  t o  d e v e l o p  new 
and i m p r o v e d  n u m e r i c a l  methods f o r  t h e  a n a l y s i s  o f  t u r -  
b u l e n t  v i s c o u s  r e c i r c u l a t i n g  f l o w s ,  w i t h  emphas is  o n  
a c c u r a c y  and speed o f  s o l u t i o n .  
The o b j e c t i v e s  o f  HOST s p o n s o r e d  e r p e r i m e n t a l  
s t u d i e s  w e r e  t o  i m p r o v e  u n d e r s t a n d i n g  o f  t h e  f low phys -  
i c s  and c h e m i s t r y  i n  c o n s t i t u e n t  f l o w s ,  and t o  o b t a i n  
f u l l y - s p e c i f i e d ,  b e n c h m a r k - q u a l i t y  e x p e r i m e n t a l  d a t a  
s u i t a b l e  f o r  t h e  assessmen t  o f  t h e  c a p a b i l i t i e s  o f  
advanced  c o m p u t a t i o n a l  codes .  
s t a t e - o f - t h e - a r t  i n  c o m b u s t o r  a e r o t h e r m a l  m o d e l i n g ,  
w h i l e  h i g h l i g h t i n g  t h e  p rog rams  s u p p o r t e d  b y  t h e  HOST 
P r o j e c t  ( T u r b i n e  E n g i n e  H o t  S e c t i o n  T e c h n o l o g y ,  1982,  
1983,  1984,  1985,  1986,  1987) .  Due t o  l e n g t h  l i m i t a -  
t i o n s  n o t  a l l  p rog rams  t h a t  r e c e i v e d  HOST s u p p o r t  a r e  
i n c l u d e d ,  and,  f o r  c o m p l e t e n e s s ,  some p rog rams  t h a t  
made a s i g n i f i c a n t  c o n t r i b u t i o n ,  b u t  w h i c h  d i d  n o t  
d raw t h e i r  p r i m a r y  s u p p o r t  from HOST a r e  d i s c u s s e d .  
AEROTHERMAL MODELING ASSESSMENT 
C o m p u t a t i o n a l l y ,  HOST f i r s t  s p o n s o r e d  s t u d i e s  t o  
T h i s  paper  r e v i e w s  t h e  advances  i n  t h e  
Gas t u r b i n e  c o m b u s t i o n  mode ls  i n c l u d e  submodels  
o f  t u r b u l e n c e ,  c h e m i c a l  k i n e t i c s ,  t u r b u l e n c e l c h e m i s t r y  
i n t e r a c t i o n ,  s p r a y  d y n a m i c s ,  e v a p o r a t i o n / c o m b u s t i o n ,  
r a d i a t i o n ,  and soot f o r m a t i o n  and o x i d a t i o n .  A v e r y  
e x t e n s i v e  assessmen t  o f  n u m e r i c s ,  p h y s i c a l  submode ls ,  
and t h e  s u i t a b i l i t y  o f  t h e  a v a i l a b l e  d a t a  was made b y  
t h r e e  c o n t r a c t o r s  u n d e r  Phase 1 o f  t h e  HOST A e r o t h e r m a l  
M o d e l i n g  p r o g r a m  ( K e n w o r t h y  e t  a l . ,  1983;  S t u r g e s s ,  
1983;  S r i n i v a s a n  e t  a l . ,  1983a.  1 9 8 3 b ) .  These i n v e s t i -  
g a t i o n s  s u r v e y e d  and a s s e s s e d  c u r r e n t  mode ls  and i d e n -  
t i f i e d  model d e f i c i e n c i e s  t h r o u g h  c o m p a r i s o n  be tween  
c a l c u l a t e d  and measured  q u a n t i t i e s .  R e s u l t s  o f  t h e  
assessmen t  b y  S r i n i v a s a n  e t  a l . ,  ( 1 9 8 3 a ,  1983b)  a r e  
summar i zed  b y  M o n g i a  e t  a l .  ( 1 9 8 6 ) .  The c o n s t i t u e n t  
f l o w s  examined  i n c l u d e d :  ( 1 )  s i m p l e  flows w i t h  n o  
s t r e a m l i n e  c u r v a t u r e ,  ( 2 )  comp lex  flows w i t h o u t  s w i r l ,  
and  ( 3 )  complex f l o w s  w i t h  s w i r l .  G e o m e t r i e s  f o r  
s e v e r a l  t e s t  cases  from each  o f  t h e s e  c a t e g o r i e s  a r e  
shown i n  F i g .  2 .  
k-E T u r b u l e n c e  Model  
The k-E model i s  t h e  s i m o l e s t  t u r b u l e n c e  model 
t h a t  i s  s u i t a b l e  fo r  r e c i r c u l a t i n g  f low c a l c u l a t i o n s .  
T h i s  model  a c h i e v e s  c l o s u r e  b y  u s i n g  a g r a d i e n t  t r a n s -  
p o r t  model  f o r  R e y n o l d s  s t r e s s  w i t h  an i s o t r o p i c  eddy 
v i s c o s i t y .  For flows where t h e  i s o t r o p i c  eddy  v i s -  
c o s i t y  a s s u m p t i o n  i s  n o t  v a l i d ,  t h e  k-c model  may be  
e i t h e r  m o d i f i e d  ( e . g .  low R e y n o l d s  number c o r r e c t i o n ,  
R i c h a r d s o n  number c o r r e c t i o n )  or r e p l a c e d  w i t h  an  a l g e -  
Assessment  o f  t h e  k -c  m o d e l ( s )  o f  t u r b u l e n c e  
I b r a i c  or d i f f e r e n t i a l  R e y n o l d s  s t r e s s  m o d e l .  
I ( 1 )  r e q u i r e  low R e y n o l d s  Number c o r r e c t i o n  fo r  
showed t h a t  t h e s e  m o d e l s :  
p r e d i c t i n g  w a l l  s h e a r  f lows, and s t r e a m l i n e  
c u r v a t u r e  m o d i f i c a t i o n s  for  a c c u r a t e l y  
p r e d i c t i n g  c u r v e d  b o u n d a r y  l a y e r s  
(2) g i v e  q u a n t i t a t i v e l y  good c o r r e l a t i o n  w i t h  
d a t a  for s i m p l e  f l o w s  and n o n - r e c i r c u l a t i n g  
s w i r l i n g  f l o w s  
( 3 )  g i v e  q u a n t i t a t i v e l y  r e a s o n a b l e  r e s u l t s  for  
n o n s w i r l i n g  r e c i r c u l a t i n g  flows 
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( 4 )  g i v e  q u a n t i t a t i v e l y  u n s a t i s f a c t o r y  
( 5 )  g i v e  q u a n t i t a t i v e l y  u n s a t i s f a c t o r y  
c o r r e l a t i o n  w i t h  d a t a  f o r  comp lex  s w i r l i n g  
f l o w s  w i t h  r e c i r c u l a t i o n  zones 
c o r r e l a t i o n ,  b u t  p r e d i c t  t r e n d s  c o r r e c t l y ,  f o r  
comp lex  t h r e e - d i m e n s i o n a l  f l o w s .  
A l q e b r a i c  S t r e s s  Model and I t s  M o d i f i c a t i o n s  
Mean f low p r e d i c t i o n s  w i t h  t h i s  model  a a r e e d  w i t h  
t h e  d a t a  as w e l l  as t h e  k - c  model r e s u l t s ,  t 6 e r e f o r e  
t h e  c o n c l u s i o n s  above a l s o  a p p l y  t o  t h i s  m o d e l .  
a d d i t i o n ,  t h e  A l g e b r a i c  S t r e s s  Model  g i v e s  r e a s o n a b l e  
p r e d i c t i o n s  for t h e  Reyno lds  s t r e s s  componen ts ,  con -  
s i s t e n t  w i t h  t h e  s t r e n g t h s  and l i m i t a t i o n s  o f  t h e  k -c  
mode ls  ( M o n g i a  e t  a l . ,  1 9 8 6 ) .  
f e r e n t i a l  R e y n o l d s  s t r e s s  t u r b u l e n c e  m o d e l s ,  have been 
compared i n  s e v e r a l  c o n t i n u i n g  assessmen t  s t u d i e s .  An 
examp le  c o m p a r i s o n  ( M o n g i a ,  1987)  of d a t a  and c a l c u l a -  
t i o n s  u s i n g  a h y b r i d l S I M P L E  n u m e r i c a l  scheme i s  shown 
i n  F i g .  3 .  T h i s  f low i s  t h a t  o f  c o - a n n u l a r  t u r b u l e n t  
j e t s  f l o w i n g  i n t o  an a x i s y m m e t r i c  sudden e x p a n s i o n  
(Roback and Johnson ,  1 9 8 3 ) .  I n  t h i s  f i g u r e ,  v e l o c i t y  
p r o f i l e s  a r e  shown a t  downs t ream,  d i s t a n c e  from 0 . 1 1  
t o  2 . 5  p i p e  d i a m e t e r s  from t h e  e x p a n s i o n .  
I n  
The r e s u l t s  of s t a n d a r d  k-E and a l g e b r a i c  and d i f -  
S c a l a r  T r a n s p o r t  Model 
M o n g i a  e t  a l . ,  ( 1 9 8 6 )  r e D o r t e d  t h a t  t h e  k - c  model 
w i t h  s p e c i f i e d  P r a n d t l  number '  p r e d i c t s  s c a l a r  f l u x e s ~  
r e a s o n a b l y  w e l l  f o r  f l o w  where t h e  g r a d i e n t  d i f f u s i o n  
a p p r o x i m a t i o n  i s  v a l i d .  An a l t e r n a t i v e ,  t h e  a l g e b r a i c  
s c a l a r  t r a n s p o r t  m o d e l ,  has t h e  c a p a b i l i t y  t o  i m p r o v e  
p r e d i c t i o n s  o v e r  t h e  k -c  a p p r o a c h ,  b u t  f u r t h e r  w o r k  i s  
needed t o  e s t a b l i s h  i t s  v a l i d i t y  fo r  s w i r l i n g  r e c i r c u -  
l a t i n g  f l o w s .  
T u r b u l e n c e l C h e m i s t r y  I n t e r a c t i o n  M o d e l s  
I t  was a l s o  c o n c l u d e d  b y  Monq ia  e t  a l . .  ( 1 9 8 6 )  
t h a t  b o t h  2- and 4 - s t e p  r e a c t i o n  i chemes  showed prom- 
i s e  for  a p p l i c a t i o n  i n  gas t u r b i n e  c o m b u s t o r s ,  b u t  
need t o  be f u r t h e r  v a l i d a t e d  a g a i n s t  d a t a  from s i m p l e  
f l a m e s .  The m o d i f i e d  eddy  b r e a k u p  model p r e d i c t e d  
t r e n d s  w e l l ,  and i t  was recommended t h a t  i t  s h o u l d  be 
p u r s u e d  because  t h i s  a p p r o a c h  c o u l d  be e a s i l y  e x t e n d e d  
t o  m u l t i s t e p  k i n e t i c  schemes. 
N u m e r i c a l  A c c u r a c y  
A s i g n i f i c a n t  d e f i c i e n c y  i d e n t i f i e d  i n  t h e  a s s e s s -  
men ts  was t h a t  for many f l o w s  o f  i n t e r e s t  t h e  a c c u r a c y  
o f  t h e  c a l c u l a t i o n  was l i m i t e d  b y  t h e  n u m e r i c a l  a p p r o x -  
i m a t i o n s ,  w h e r e i n  t h e  f a l s e  d i f f u s i o n  i s  o f  t h e  same 
o r d e r  o f  m a g n i t u d e  as t h e  t u r b u l e n t  d i f f u s i o n .  T h i s  
masked t h e  d i f f e r e n c e s  be tween  t u r b u l e n c e  mode ls  such 
t h a t  v e r y  d i f f e r e n t  mode ls  gave  e s s e n t i a l l y  t h e  same 
r e s u l t ,  and somet imes r e s u l t e d  i n  u n d e s e r v e d l y  good 
ag reemen t  be tween  d a t a  and p r e d i c t i o n s .  
t i o n  o b t a i n e d  f o r  any  g i v e n  flow depends o n  t h e  g r i d  
d e n s i t y  and d i s t r i b u t i o n .  An example o f  t h e  c o m p a r i -  
sons made i n  t h e  assessmen t  p r o g r a m  i s  g i v e n  b y  t h e  
c o m p a r i s o n  i n  F i g s .  4 and 5 be tween  measured and c a l c u -  
l a t e d  t e m p e r a t u r e  d i s t r i b u t i o n s  downs t ream f r o m  a row 
o f  j e t s  e n t e r i n g  a c o n f i n e d  c r o s s f l o w .  
c o n s t i t u e n t  flow i n  mos t  gas t u r b i n e  c o m b u s t o r s ,  and 
has  been t r e a t e d  e x t e n s i v e l y  i n  t h e  l i t e r a t u r e ,  i n c l u d -  
i n g  t h e  r e c e n t l y  c o m p l e t e d  NASA D i l u t i o n  J e t  M i x i n g  
p r o g r a m ,  f r o m  w h i c h  d a t a  were compared w i t h  t h r e e -  
d i m e n s i o n a l  c a l c u l a t i o n s  i n  t h e  Phase I assessmen t  
s t u d y  b y  S r i n i v a s a n  e t  a l . ,  ( 1 9 8 3 ) .  
I f  f a l s e  d i f f u s i o n  i s  p r e s e n t ,  t h e  n u m e r i c a l  s o l u -  
This f low i s  a 
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The c a l c u l a t e d  and e x p e r i m e n t a l  r e s u l t s  shown a r e  
f o r  a s i n g l e  row o f  j e t s  w i t h  a n  o r i f i c e  s p a c i n g  t o  
d i a m e t e r  r a t i o ,  S / D ,  = 2 i n j e c t e d  i n t o  a d u c t e d  m a i n -  
s t r e a m  w i t h  a d u c t  h e i g h t  t o  o r i f i c e  d i a m e t e r  r a t i o  
HID,  = 8 .  The j e t - t o - m a i n s t r e a m  momentum f l u x  r a t i o ,  
J ,  f o r  t h i s  t e s t  was 2 5 . 3 2 .  C a l c u l a t i o n s  f o r  t h i s  
c a s e  made w i t h  4 5 x 2 6 ~ 1 7  ( 1 9 8 9 0 )  nodes ,  a r e  shown i n  
F i g .  4 .  The p a r a m e t e r  p l o t t e d  i n  t h e s e  f i g u r e s  i s  t h e  
d i m e n s i o n l e s s  mean t e m p e r a t u r e  d i f f e r e n c e  r a t i o ,  THETA, 
where  THETA = (Tm - T ) l ( T m  - T j ) .  The p r e d i c t e d  j e t  
p e n e t r a t i o n  and  m i x i n g  a r e  l e s s  t h a n  t h a t  shown b y  t h e  
d a t a .  
s i m u l a t e  each  j e t .  I t  i s  g e n e r a l l y  n o t  p o s s i b l e  t o  use 
t h i s  many g r i d  p o i n t s  i n  such  a s m a l l  r e g i o n ;  as  f e w  
a s  f o u r  may be u s e d  i n  p r a c t i c e  f o r  each  j e t .  To s imu-  
l a t e  t h e  a c c u r a c y  o f  t h i s  a p p r o x i m a t i o n ,  c a l c u l a t i o n s  
were  p e r f o r m e d  fo r  t h e  same f low and g e o m e t r i c  c o n d i -  
t i o n s ,  b u t  w i t h  a 2 7 ~ 2 6 x 8  (5615)  g r i d .  These c o a r s e -  
g r i d  c a l c u l a t i o n s  ( F i g .  5 )  a r e  i n  much b e t t e r  ag reemen t  
w i t h  t h e  d a t a  t h a n  t h e  f i n e - g r i d  c a l c u l a t i o n s .  These 
a n d  o t h e r  c a l c u l a t i o n s  i n  S r i n i v a s a n  e t  a l . ,  (198313) 
c l e a r l y  d e m o n s t r a t e d  t h a t  t h e  t h r e e - d i m e n s i o n a l  c a l c u -  
l a t i o n s  were  n o t  g r i d  i n d e p e n d e n t .  
The c a l c u l a t i o n  shown i n  F i g .  4 used 49  nodes t o  
C o n c l u s i o n s  from t h e  Assessmen ts  
The m a j o r  c o n c l u s i o n  i n  t h e  HOST A e r o t h e r m a l  
M o d e l i n g  Phase I assessmen t  s t u d i e s  b y  K e n w o r t h y  
e t  a l .  ( 1 9 8 3 ) ,  S t u r g e s s  ( 1 9 8 3 ) .  and  S r i n i v a s a n  e t  a l .  
(1983a .  1983b)  was t h a t  t h e  a v a i l a b l e  c o m p u t a t i o n a l  
f l u i d  dynamics  (CFD) codes  p r o v i d e d  a u s e f u l  combus to r  
d e s i g n  t oo l .  A l t h o u g h  s i g n i f i c a n t  advances  have  been 
made i n  t h e  d e v e l o p m e n t  and v a l i d a t i o n  o f  m u l t i d i m e n -  
s i o n a l  gas  t u r b i n e  c o m b u s t i o n  c a l c u l a t i o n  p r o c e d u r e s ,  
t h e  codes  a s s e s s e d  were  o n l y  q u a l i t a t i v e l y  a c c u r a t e ,  
e s p e c i a l l y  f o r  comp lex  t h r e e - d i m e n s i o n a l  f l o w s ,  and  
f u r t h e r  work was needed.  I t  was c o n c l u d e d  t h a t  b o t h  a 
s i g n i f i c a n t l y  i m p r o v e d  n u m e r i c a l  scheme and f u l l y -  
s p e c i f i e d  e x p e r i m e n t a l  d a t a  ( i . e .  b o t h  mean and t u r b u -  
l e n c e  f l o w f i e l d  q u a n t i t i e s ,  w i t h  measured b o u n d a r y  
c o n d i t i o n s )  fo r  comp lex  n o n - r e a c t i n g  and r e a c t i n g  
c o n s t i t u e n t  f l o w s  were  needed b e f o r e  v a r i o u s  e m e r g i n g  
p h y s i c a l  sub-mode ls  o f  t u r b u l e n c e ,  c h e m i s t r y ,  s p r a y s ,  
t u r b u l e n c e l c h e m i s t r y  i n t e r a c t i o n s ,  s o o t  f o r m a t i o n /  
o x i d a t i o n ,  r a d i a t i o n ,  and  h e a t  t r a n s f e r  c o u l d  be p r o p -  
e r l y  a s s e s s e d .  
A SECOND GENERATION MODEL 
The f i r s t  g e n e r a t i o n  combus to r  d e s i g n  p r o c e d u r e  
o u t l i n e d  b y  M o n g i a  and  S m i t h  ( 1 9 7 8 )  has  been  v e r y  use-  
f u l  f o r  d e v e l o p i n g  s e v e r a l  c o m b u s t o r s  (Mong ia  e t  a l . ,  
1986)  t h a t  e x h i b i t e d  s i g n i f i c a n t  t e c h n o l o g y  advances .  
However ,  i n  a d d i t i o n  t o  t h e  model d e f i c i e n c i e s  i d e n t i -  
f i e d  i n  t h e  assessmen ts ,  t h e r e  were  s e v e r a l  p a r a m e t e r s  
o f  i m p o r t a n c e  i n  gas  t u r b i n e  combus to r  d e s i g n  t h a t  t h e  
a n a l y t i c a l  m o d e l s  c o u l d  n o t  p r e d i c t ;  e . g .  gaseous emis -  
s i o n s ,  s o o t  f o r m a t i o n ,  f l a m e  b l o w - o u t  l i m i t s ,  combus- 
tor  p a t t e r n  f a c t o r ,  and  l i n e r  h e a t  t r a n s f e r .  These 
p a r a m e t e r s  were ,  however ,  s u c c e s s f u l l y  p r e d i c t e d  b y  
w e l l - e s t a b l i s h e d  s e m i - a n a l y t i c a l  c o r r e l a t i o n s  d e v e l o p e d  
b y  P l e e  and  M e l l o r  ( 1 9 8 0 ) ,  L e b f e v r e  ( 1 9 8 5 ) ,  and  t h e i r  
a s s o c i a t e s .  T h e r e f o r e ,  a combus to r  d e s i g n  p r o c e d u r e  
t h a t  c o u l d  be a p p l i e d  t o  c u r r e n t  and f u t u r e  gas t u r b i n e  
e n g i n e s  was i m p l e m e n t e d  t h a t  makes use  o f  e m p i r i c a l  
d e s i g n  c o n c e p t s  and  emp loys  a n a l y t i c a l  m o d e l i n g  tools 
to  r e p r e s e n t  v a r i o u s  c o m b u s t i o n  p r o c e s s e s  ( R i z k  and  
Mong ia ,  1986;  M o n g i a ,  1 9 8 7 ) .  
T h i s  me thod  makes use  o f  m u l t i d i m e n s i o n a l  mode ls  
t o  e s t a b l i s h  l i n e r  f l o w f i e l d  f e a t u r e s  and c o m b u s t i o n  
c h a r a c t e r i s t i c s .  The a n a l y t i c a l  r e s u l t s  a r e  t h e n  
i n t e g r a t e d  w i t h  s e m i - e m p i r i c a l  c o r r e l a t i o n s  for  
p e r f o r m a n c e  p a r a m e t e r s  o f  i n t e r e s t .  T h a t  i s ,  f low 
f i e l d  and  g e o m e t r i c  p a r a m e t e r s  t h a t  a r e  needed i n  t h e  
e m p i r i c a l  e q u a t i o n s ,  such  as c o m b u s t i o n  vo lume and t h e  
f r a c t i o n  o f  a i r  p a r t i c i p a t i n g  i n  t h e  p r i m a r y  c o m b u s t i o n  
r e a c t i o n ,  a r e  p r o v i d e d  b y  t h e  a n a l y t i c a l  c a l c u l a t i o n s .  
S a t i s f a c t o r y  ag reemen t  w i t h  e x p e r i m e n t a l  d a t a  has 
been shown ( R i z k  and Mong ia ,  1986)  f o r  e m i s s i o n s ,  p e r -  
f o r m a n c e  and h e a t  t r a n s f e r .  The combus to r  f o r  w h i c h  
d a t a  were  a v a i l a b l e ,  and f o r  w h i c h  c a l c u l a t i o n s  were  
p e r f o r m e d ,  i s  shown s c h e m a t i c a l l y  i n  F i g .  6 .  A t y p i -  
c a l  c o m p a r i s o n  be tween  d a t a  and p r e d i c t i o n s  for CO, 
u n b u r n e d  h y d r o c a r b o n s ,  NOx, s o o t  e m i s s i o n s ,  c o m b u s t i o n  
e f f i c i e n c y ,  p a t t e r n  f a c t o r ,  and l e a n  b l o w o u t  a r e  shown 
i n  F i g s .  7 ( a )  t o  ( g )  r e s p e c t i v e l y .  The model i s  i n  
good ag reemen t  w i t h  t h e  d a t a  o v e r  t h e  e n t i r e  s e a - l e v e l  
e n g i n e  o p e r a t i n g  r a n g e .  C a l c u l a t e d  l i n e r  w a l l  t empera -  
t u r e s  for  b o t h  t h e  i n n e r  and  o u t e r  w a l l s  o f  t h i s  com- 
b u s t o r  a r e  shown i n  F i g .  8 for  t h r e e  t y p i c a l  z - p l a n e s  
a l o n g  k = 5 ,  1 4 ,  and 2 3 .  Here  k d e n o t e s  n o d a l  
p l a n e s  a l o n g  t h e  combus to r  c i r c u m f e r e n t i a l  d i r e c t i o n .  
A l t h o u g h  n o  d i r e c t  c o m p a r i s o n  w i t h  l i n e r  w a l l  t empera -  
t u r e  d a t a  was made, t h e  p r e d i c t i o n s  look r e a s o n a b l e .  
AEROTHERMAL MODELING PHASE I 1  
Based o n  t h e  recommenda t ions  o f  t h e  Phase I 
assessmen t  s t u d i e s ,  a c t i v i t i e s  i n  Phase I 1  o f  t h e  HOST 
A e r o t h e r m a l  M o d e l i n g  p r o g r a m  c o n c e n t r a t e d  o n  d e v e l o p i n g  
i m p r o v e d  n u m e r i c a l  schemes, and c o l l e c t i n g  c o m p l e t e l y -  
s p e c i f i e d  d a t a  f o r  n o n r e a c t i n g  s i n g l e  and  two-phase 
s w i r l i n g  and  n o n s w i r l i n g  f lows.  The p rog rams  i n i t i a t e d  
were :  I m p r o v e d  N u m e r i c a l  Methods ;  F l o w  I n t e r a c t i o n  
E x p e r i m e n t ;  and F u e l  I n j e c t o r / A i r  S w i r l  C h a r a c t e r i z a -  
t i o n .  The f i r s t  o f  t h e s e  i s  a p r e r e q u i s i t e  t o  f u r t h e r  
model d e v e l o p m e n t ,  and t h e  d a t a  o b t a i n e d  i n  t h e  l a t t e r  
two s t u d i e s  w i l l  be used  t o  v a l i d a t e  advanced  m o d e l s  
b e i n g  d e v e l o p e d  i n d e p e n d e n t l y .  
I m p r o v e d  N u m e r i c a l  Me thods  
The h y b r i d  f i n i t e  d i f f e r e n c i n g  scheme emp loyed  i n  
g e n e r a l l y  a v a i l a b l e  combus to r  codes  g i v e s  e x c e s s i v e  
n u m e r i c a l  d i f f u s i o n  e r r o r s  w h i c h  p r e c l u d e  a c c u r a t e  
q u a n t i t a t i v e  c a l c u l a t i o n s .  I n  r e s p o n s e  t o  t h i s  d e f i -  
c i e n c y ,  HOST s u p p o r t e d  t h r e e  p rog rams  w i t h  t h e  p r i m a r y  
o b j e c t i v e  t o  i d e n t i f y ,  a s s e s s ,  and i m p l e m e n t  i m p r o v e d  
s o l u t i o n  a l g o r i t h m s  a p p l i c a b l e  t o  a n a l y s i s  o f  t u r b u -  
l e n t  v i s c o u s  r e c i r c u l a t i n g  f l o w s .  B o t h  s o l u t i o n  accu -  
r a c y  and s o l u t i o n  e f f i c i e n c y  were  a d d r e s s e d  ( T u r b i n e  
Eng ine  Hot S e c t i o n  Techno logy ,  1985, 1986,  1987 ;  T u r a n  
and  VanDoormal ,  1 9 8 7 ) .  
e n c i n g  scheme w o u l d  be i d e a l l y  s u i t e d  i f  i t  were  
u n c o n d i t i o n a l l y  s t a b l e .  C e n t r a l  I f f e r e n c i n g  i s  a 
s i m p l e  s e c o n d - o r d e r  scheme w h i c h  , ,  e a s y  and  s t r a i g h t -  
f o r w a r d  t o  i m p l e m e n t .  However ,  f o r  g r i d  P e c l e t  num- 
b e r s  l a r g e r  t h a n  2 ,  c e n t r a l  d i f f e r e n c i n g  c a n  l e a d  t o  
o v e r -  and  u n d e r - s h o o t s  and i s  u n s t a b l e .  The h y b r i d  
( c e n t r a l l u p w i n d )  scheme i s  s t a b l e  f o r  a l l  P e c l e t  num- 
b e r s ,  b u t  s u f f e r s  from e x c e s s i v e  f a l s e  d i f f u s i o n .  An 
a l t e r n a t i v e  scheme, named CONDIF ( C o n t r o l l e d  N u m e r i c a l  
D i f f u s i o n  w i t h  I n t e r n a l  Feedback)  (Runcha l  e t  a l . ,  
1986)  has  u n c o n d i t i o n a l l y  p o s i t i v e  c o e f f i c i e n t s  and  
s t i l l  m a i n t a i n s  t h e  e s s e n t i a l  f e a t u r e s  o f  c e n t r a l  d i f -  
f e r e n c i n g  and  i t s  s e c o n d - o r d e r  a c c u r a c y .  
CONDIF uses  c e n t r a l  d i f f e r e n c i n g  when Pe < 2 .  
Where Pe > 2 and t h e  dependen t  v a r i a b l e  v a r i e s  monoton-  
i c a l l y ,  a m o d i f i e d  c e n t r a l  d i f f e r e n c i n g  scheme i s  
used ,  o t h e r w i s e  u p w i n d  d i f f e r e n c i n g  i s  u s e d .  CONDIF 
emp loys  j u s t  enough n u m e r i c a l  d i f f u s i o n  t o  e n s u r e  s t a -  
b i l i t y  based  i n t e r n a l l y  o n  t h e  f i e l d  d i s t r i b u t i o n  o f  
F o r  m o s t  p r a c t i c a l  p r o b l e m s ,  a c e n t r a l  d i f f e r -  
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t h e  v a r i a b l e ,  r a t h e r  t h a n  s w i t c h i n g  t o  u p w i n d  d i f f e r -  
e n c i n g  whenever  Pe exceeds 2. S i n c e  u p w i n d i n g  i s  done 
a t  r e l a t i v e l y  f e w  g r i d  p o i n t s ,  CONDIF e s s e n t i a l l y  ma in -  
t a i n s  t h e  second-o rde r  a c c u r a c y  o f  c e n t r a l  d i f f e r e n -  
c i n g ,  and f a l s e  d i f f u s i o n  i s  s u b s t a n t i a l l y  r e d u c e d .  
A n o t h e r  advanced n u m e r i c a l  scheme, c a l l e d  f l u x -  
s p l i n e  ( P a t a n k a r  e t  a l . ,  1987) .  i s  based  on a l i n e a r  
v a r i a t i o n  o f  t o t a l  f l u x  ( c o n v e c t i o n  + d i f f u s i o n  
be tween  two g r i d  p o i n t s .  T h i s  i s  a n  improvemen t  o v e r  
t h e  a s s u m p t i o n  o f  u n i f o r m  f l u x  used  i n  h y b r i d  schemes, 
and  l e a d s  t o  r e d u c e d  n u m e r i c a l  d i f f u s i o n .  
B o t h  o f  t h e s e  schemes have  been used  t o  s o l v e  a 
v a r i e t y  o f  a n a l y t i c a l ,  t w o - d i m e n s i o n a l  l a m i n a r  and  t u r -  
b u l e n t  f l o w s  (Runcha l  e t  a l . ,  1987;  P a t a n k a r  e t  a l . ,  
1987) .  As a n  examp le ,  r e s u l t s  for  a l a m i n a r  f low 
(Re = 400) i n  a s q u a r e  d r i v e n  c a v i t y  a r e  shown i n  
F i g .  9 .  T h i s  f low, shown s c h e m a t i c a l l y  i n  p a r t  a ) ,  i s  
c h a r a c t e r i z e d  b y  a s t r o n g  r e c i r c u l a t i o n  zone t y p i c a l  
o f  many p h y s i c a l  s i t u a t i o n s .  The p r o b l e m  was s o l v e d  
w i t h  b o t h  CONDIF and  f l u x - s p i n e  schemes o n  a u n i f o r m  
22x22 g r i d  and compared w i t h  t h e  e x a c t  a n a l y t i c a l  s o l u -  
t i o n  and a h y b r i d  s o l u t i o n  o n  a n  e x t r e m e l y  f i n e  82x82 
g r i d .  
i t y  a r e  shown i n  F i g .  9 ( b ) .  B o t h  advanced  schemes 
show improvemen t  o v e r  t h e  h y b r i d  c a l c u l a t i o n .  
s p l i n e  schemes i s  t h a t  t h e i r  e x t e n s i o n  t o  t h r e e  d imen-  
s i o n s  i s  r e l a t i v e l y  s t r a i g h t - f o r w a r d .  The r e s u l t i n g  
l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  i n v o l v e  o n l y  seven p o i n t s  
as  opposed  t o  27 p o i n t s  needed i n  many skewed-upwind 
schemes (Syed  e t  a l . ,  1 9 8 5 ) .  
a c c u r a c y ,  t h e r e  i s  a need f o r  i m p r o v e d  c o m p u t a t i o n a l  
e f f i c i e n c y  for  a g i v e n  l e v e l  o f  a c c u r a c y .  T y p i c a l l y  
t h e  c o n t i n u i t y  and momentum e q u a t i o n s  a r e  s o l v e d  sepa- 
r a t e l y ,  and  t h e n  l i n k e d  t h r o u g h  i t e r a t i o n  o f  t h e  
p r e s s u r e  t e r m ;  e . g .  SIMPLE ( S e m i - l m p l i c i t  Me thod  f o r  
- P r e s s u r e  L i n k e d  E q u a t i o n s ) .  M o d i f i c a t i o n s ,  such  a s  
SIMPLER and  PISO, have  been  shown t o  i m p r o v e  computa-  
t i o n a l  e f f i c i e n c y .  O t h e r  advanced  schemes ( T u r b i n e  
E n g i n e  Hot S e c t i o n  T e c h n o l o g y ,  1985,  1986,  1987;  Vanka,  
1 9 8 7 ) ,  such  as  b l o c k  c o r r e c t i o n  t e c h n i q u e s  and d i r e c t  
s o l u t i o n  o f  t h e  c o u p l e d  e q u a t i o n s  have  been p r o p o s e d .  
C a l c u l a t i o n s  w i t h  t h e  l a t t e r  c o u p l e d  w i t h  t h e  f l u x -  
s p i n e  t e c h n i q u e  have  shown a speed i n c r e a s e  b y  a f a c -  
t o r  o f  15 f o r  a c a l c u l a t i o n  o f  t u r b u l e n t  f low o v e r  a 
b a c k w a r d - f a c i n g  s t e p  (Mong ia ,  1 9 8 7 ) .  
Gas Phase E x p e r i m e n t s  
t h e  c o m b u s t o r  and d i f f u s e r  sys tems  ( S r i n i v a s a n  and  
T h o r p ,  1987)  i s  i n  p r o g r e s s  t o :  
V e l o c i t y  p r o f i l e s  a t  t h e  m i d s e c t i o n  o f  t h e  cav-  
An a t t r a c t i v e  f e a t u r e  o f  b o t h  CONDIF and f l u x -  
I n  a d d i t i o n  t o  t h e  need f o r  i m p r o v e d  n u m e r i c a l  
I An e x p e r i m e n t a l  s t u d y  o f  t h e  i n t e r a c t i o n s  be tween  
( 1 )  I d e n t i f y  t h e  mechanisms and m a g n i t u d e  of 
a e r o d y n a m i c  l o s s e s  i n  v a r i o u s  s e c t i o n s  o f  a n  
a n n u l a r  c o m b u s t o r - d i f f u s e r  s y s t e m  
(2) D e t e r m i n e  t h e  e f f e c t s  o f  g e o m e t r i c  changes i n  
t h e  p r e d i f f u s e r ,  dome, and  s h r o u d  on t h e s e  
l o s s e s  
( 3 )  O b t a i n  a d a t a  base t o  a s s e s s  c u r r e n t  and 
advanced  a e r o d y n a m i c  compu te r  m o d e l s  f o r  
p r e d i c t i n g  t h e s e  complex  f l o w f i e l d s  
( 4 )  Upgrade  t h e  a n a l y t i c a l  m o d e l s  based  o n  t h e  
e x p e r i m e n t a l  d a t a  
( 5 )  D e s i g n  and  t e s t  advanced  d i f f u s e r  sys tems  t o  
v e r i f y  t h e  a c c u r a c y  o f  t h e  u p g r a d e d  a n a l y t i c a l  
model 
A n o t h e r  s t u d y  i n  p r o g r e s s  w i l l  o b t a i n  comprehen- 
s i v e  mean and  t u r b u l e n c e  measurements  o f  v e l o c i t y  and  
s p e c i e s  c o n c e n t r a t i o n  i n  a t h r e e - d i m e n s i o n a l  f low model 
o f  t h e  p r i m a r y  zone o f  gas  t u r b i n e  c o m b u s t i o n  chambers  
( T u r b i n e  E n g i n e  Hot S e c t i o n  T e c h n o l o g y ,  1985,  1986,  
i 
1 9 8 7 ) .  The f l o w f i e l d  o f  i n t e r e s t  i s  t h e  i n t e r a c t i o n  
be tween  s w i r l i n g  flow and l a t e r a l  j e t s  i n  a r e c t a n -  
g u l a r  channe l  ( F i g .  1 0 ) .  The m a i n s t r e a m s  f low e n t e r s  
t h r o u g h  5 s w i r l e r s  w i t h  t h e  t r a n s v e r s e  j e t s  i n j e c t e d  
from b o t h  t h e  top and b o t t o m  d u c t  w a l l s  w i t h  e i t h e r  2 
or 4 j e t s  p e r  s w i r l e r  a t  1 / 2  or 1 c h a n n e l  h e i g h t  down- 
s t r e a m  from t h e  s w i r l e r .  
These e x p e r i m e n t s  a r e  b e i n g  c o n d u c t e d  o n  b o t h  a i r  
and w a t e r  m u l t i p l e - s w i r l e r  r i g s ,  as  w e l l  as  s i n g l e  
s w i r l e r  and s w i r l i n g  j e t  r i g s .  F i f t e e n  c a s e s  ( c o m b i n a -  
t i m s  o f  s w i r l  and j e t  s t r e n g t h  and  l o c a t i o n )  a r e  u n d e r  
t e s t  u s i n g  l a s e r  s h e e t  l i g h t  and dye  w a t e r  f low v i s u a l -  
i z a t i o n ,  and d e t a i l e d  v e l o c i t y  and s c a l a r  mean and  t u r -  
b u l e n c e  LDV measurements  a r e  b e i n g  made i n  t h e  a i r  r i g .  
A k e y  f e a t u r e  of t h i s  p r o g r a m  i s  c o m p a r i s o n  o f  
model c a l c u l a t i o n s  a g a i n s t  t h e  d a t a  o b t a i n e d  t o  e n s u r e  
t h a t  t h e  d a t a  a r e  c o m p l e t e  and  c o n s i s t e n t ,  and s a t i s f y  
t h e  b o u n d a r y  c o n d i t i o n  i n p u t  r e q u i r e m e n t s  o f  c u r r e n t  
t h r e e - d i m e n s i o n a l  codes .  C a l c u l a t i o n s  were  p e r f o r m e d  
u s i n g  a t h r e e - d i m e n s i o n a l  code ( S r i v a s t a ,  1980)  for  a l l  
t e s t  cases  b e f o r e  t h e  e x p e r i m e n t s  were  begun.  D a t a  and 
b o t h  p r e v i o u s  and  advanced model c a l c u l a t i o n s  a r e  b e i n g  
compared as  d a t a  a r e  o b t a i n e d .  
F u e l - I n j e c t o r / A i r - S w i r l  C h a r a c t e r i z a t i o n  
The o b j e c t i v e  o f  t h i s  s t u d y  i s  t o  o b t a i n  f u l l y -  
s p e c i f i e d  mean and  t u r b u l e n c e  measurements  o f  b o t h  gas 
and d r o p l e t  phases  downs t ream o f  a f u e l  i n j e c t o r  and  
a i r  s w i r l e r  t y p i c a l  of t h o s e  u s e d  i n  gas  t u r b i n e  com- 
b u s t i o n  chambers .  
p a r t i c l e - l a d e n  j e t  f low w i t h  and w i t h o u t  c o n f i n e m e n t  
and c o - a n n u l a r  s w i r l i n g  a i r  f low.  A p p r o x i m a t e l y  30 
cases  a r e  u n d e r  t e s t  w i t h  b o t h  g l a s s - b e a d  p a r t i c l e -  
l a d e n  j e t s  and l i q u i d  s p r a y s ,  w i t h  v a r i o u s  c o m b i n a t i o n  
o f  s w i r l  s t r e n g t h s  a n d  c o n f i n e m e n t  ( T u r b i n e  E n g i n e  H o t  
S e c t i o n  T e c h n o l o g y ,  1985,  1986,  1987) .  Measurements  
o f  mean and t u r b u l e n c e  q u a n t i t i e s ,  for b o t h  gas and  
s o l i d  phases  a r e  b e i n g  made u s i n g  a 2 -component  Phase/  
D o p p l e r  LDV p a r t i c l e  a n a l y z e r  ( M c D o n e l l  e t  a l . ,  1987) .  
C a l c u l a t i o n s  were  p e r f o r m e d  f o r  a l l  t e s t  cases  
w i t h  a t w o - d i m e n s i o n a l  TEACH-type n o n r e a c t i n g  t u r b u l e n t  
v i s c o u s  two-phase flow code b e f o r e  t h e  e x p e r i m e n t s  were  
begun.  D a t a  and  b o t h  p r e v i o u s  a n d  advanced  mode l  
c a l c u l a t i o n s  a r e  b e i n g  compared as  d a t a  a r e  o b t a i n e d  
( M o s t a f a  e t  a l . ,  1987,  1988;  N i k j o o y  e t  a l . ,  1 9 8 8 ) .  
I n  t h e  f i r s t  s e r i e s  o f  t e s t s ,  t h e  d e v e l o p i n g  
r e g i o n s  o f  u n c o n f i n e d  s i n g l e  and  two-phase f l o w s ,  w i t h  
105 pm g l a s s  beads ,  have  been  examined  e x p e r i m e n t a l l y  
and a n a l y t i c a l l y  f o r  p a r t i c l e - t o - g a s  mass l o a d i n g s  o f  
0.2 and 1.0. D a t a  and  c a l c u l a t i o n s  for t h e  l a t t e r  a r e  
shown i n  F i g .  1 1 .  A two-component  P h a s e / D o p p l e r  sys -  
t em was used  t o  map t h e  f l o w f i e l d ,  i n c l u d i n g  p a r t i c l e  
number d e n s i t y ,  and two o r t h o g o n a l  components  o f  v e l o c -  
i t y  for  b o t h  phases .  
s t o c h a s t i c  t r e a t r 2 n t s  of t h e  p a r t i c l e s ,  u s i n g  a two- 
phase k-& mode l .  
g i v e  t h e  same gas-phase a x i a l  v e l o c i t y  p r o f i l e s ,  how- 
e v e r ,  t h e  s t o c h a s t i c  a p p r o a c h ,  w h i c h  a t t e m p t s  to model 
p a r t i c l e / g a s  phase  i n t e r a c t i o n s ,  g i v e s  b e t t e r  ag ree -  
ment  for  p a r t i c l e  q u a n t i t i e s  t h a n  t h e  d e t e r m i n i s t i c  
a p p r o a c h  w h i c h  i g n o r e s  t u r b u l e n c e  i n t e r a c t i o n s .  
A n o t h e r  e x p e r i m e n t a l  p r o g r a m  was c o n d u c t e d  t o  
o b t a i n  i n f o r m a t i o n  o n  t h e  c h a r a c t e r i s t i c s  o f  t h e  s p r a y  
p r o d u c e d  b y  a gas  t u r b i n e  f u e l  i n j e c t o r  (McVey e t  a l . ,  
1988a,  1988b) .  The o b j e c t i v e  o f  t h i s  s t u d y  was t o  
o b t a i n  s p a t i a l l y - r e s o l v e d  i n f o r m a t i o n  on b o t h  t h e  
l i q u i d  and  gaseous  phases  of t h e  s p r a y  f low f i e l d  u n d e r  
c o n d i t i o n s  of h i g h - f l o w ,  h i g h  v e l o c i t y ,  and  h i g h  s w i r l  
t h a t  a r e  t y p i c a l  o f  e n g i n e  o p e r a t i o n .  Measurements  
The f l o w f i e l d  o f  i n t e r e s t  i s  a n  a x i s y m m e t r i c  
C a l c u l a t i o n s  a r e  shown fo r  b o t h  d e t e r m i n i s t i c  and  
B o t h  t r e a t m e n t s  o f  t h e  p a r t i c l e s  
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were  made w i t h  a h i g h - r e s o l u t i o n  s p r a y  p a t t e r n a t o r ,  a 
two-component  l a s e r  v e l o c i m e t e r ,  and  a s i n g l e - c o m p o n e n t  
P h a s e / D o p p l e r  p a r t i c l e  a n a l y z e r .  
The c o m p r e h e n s i v e  e x p e r i m e n t a l  d a t a  g e n e r a t e d  i n  
t h e s e  p rog rams  w i l l  be used  t o  v a l i d a t e  advanced  mode ls  
o f  t u r b u l e n c e ,  s c a l a r ,  and s p r a y  t r a n s p o r t ,  i n c l u d i n g  
t w o - e q u a t i o n  t u r b u l e n c e  mode ls ,  a l g e b r a i c  and d i f f e r e n -  
t i a l  R e y n o l d s  s t r e s s  m o d e l s ,  s c a l a r  and s c a l a r - v e l o c i t y  
t r a n s p o r t  m o d e l s ,  and  E u l e r i a n  and  L a g r a n g i a n  d e t e r m i n -  
b i s t i c  and  s t o c h a s t i c  s p r a y  m o d e l s .  
SUMMARY 
b A l t h o u g h  s i g n i f i c a n t  p r o g r e s s  has  been made i n  
t h e  d e v e l o p m e n t  o f  t h r e e - d i m e n s i o n a l  a n a l y t i c a l  CFD 
codes and  t h e i r  a p p l i c a t i o n  i n  f u t u r e  gas  t u r b i n e  com- 
b u s t o r  d e s i g n ,  t h e s e  codes  a r e  n e i t h e r  s u f f i c i e n t l y  
c o m p r e h e n s i v e  n o r  q u a n t i t a t i v e l y  a c c u r a t e  enough t o  
p e r m i t  a c o m p l e t e  d e s i g n  a l o n e .  They a r e ,  however ,  a 
v a l u a b l e  component  i n  an e v o l v i n g  combus to r  d e s i g n  
m e t h o d o l o g y  i n  w h i c h  t h e i r  c a p a b i l i t y  i s  i n t e g r a t e d  
w i t h  t h e  s u b s t a n t i a l  base o f  e m p i r i c a l  e x p e r i e n c e  and 
o n e - d i m e n s i o n a l  f low m o d e l i n g .  
CONCLUDING REMARKS 
The NASA HOST s p o n s o r e d  A e r o t h e r m a l  M o d e l i n g  
Phase I 1  p r o g r a m s  w i l l  l e a d  t o  s i g n i f i c a n t  improve -  
men ts  i n  o u r  t e c h n i c a l  a b i l i t y  t o  p r e d i c t  n o n r e a c t i n g  
gas  t u r b i n e  c o m b u s t o r  f low f i e l d s  w i t h  and  w i t h o u t  
s p r a y  i n j e c t i o n .  S i g n i f i c a n t l y  enhanced c a p a b i l i t i e s  
fo r  a c c u r a t e l y  p r e d i c t i n g  combus to r  a e r o t h e r m a l  p e r -  
f o r m a n c e  and  w a l l  t e m p e r a t u r e  l e v e l s  and  g r a d i e n t s  
w i l l  r e q u i r e  f u r t h e r  improvemen ts  i n  n u m e r i c a l  schemes 
and  p h y s i c a l  submode ls .  I t  i s  e q u a l l y  i m p o r t a n t  t o  
c o l l e c t  f u l l y - s p e c i f i e d  r e a c t i n g  f low d a t a ,  s i m i l a r  t o  
w h a t  i s  b e i n g  done f o r  n o n r e a c t i n g  f l o w s  u n d e r  HOST 
Phase 11, fo r  both complex  c o n s t i t u e n t  f lows, and 
g e n e r i c  gas  t u r b i n e  c o m b u s t o r s .  
I n  p a r a l l e l ,  work s h o u l d  c o n t i n u e  i n  t h e  f o r m u l a -  
t i o n  and  s y s t e m a t i c  v a l i d a t i o n  o f  t u r b u l e n t  c o m b u s t i o n  
mode ls  f o r  r e a c t i n g  s p r a y s  and  m u l t i d i m e n s i o n a l  h e a t  
t r a n s f e r  m o d e l s .  These c a p a b i l i t i e s  w i l l  p r o v i d e  t h e  
t o o l s  needed t o  a n a l y t i c a l l y  c o n d u c t  t h e  c o m b u s t i o n  
t r a d e - o f f  s t u d i e s  so t h a t  op t imum f u t u r e  c o m b u s t i o n  
sys tems  can  b e  d e s i g n e d ,  f a b r i c a t e d ,  and d e v e l o p e d  
w i t h i n  a c c e p t a b l e  c o s t  and s c h e d u l e  c o n s t r a i n t s .  
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(B) VELOCITY PROFILES AT SECTION A-A. 
FIGURE 9. - CALCULATIONS OF LAMINAR FLOW IN A SQUARE 
(2-D) DRIVEN CAVITY. 
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FIGURE IO. - TEST SECTION GEOMETRY FOR EXPERIMENTAL STUDY OF I N -  
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JETS. 
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